We study the capacity of antiferromagnetic lattices of varying geometries to entangle two additional spin-1/2 probes. Analytical modeling of the Quantum Monte Carlo data shows the appearance of a robust gap, allowing a description of entanglement in terms of probe-only states, even in cases where the coupling to the probes is larger than the gap of the spin lattice and cannot be treated perturbatively. We find a considerable enhancement of the temperature at which probe entanglement disappears, as we vary the geometry of the bus and the coupling to the probes.
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PACS numbers:
Solid state systems have been exploited to integrate quantum information (QI) tasks and accomplish quantum computation in a single processing core, but many questions regarding their robustness against temperature and decoherence remain open. Among the requirements to achieve quantum computation, the ability to generate rapid elementary gates between well-characterized qubits is central [1] . In view of the technical difficulties of switching on direct interactions between qubits, various proposals have been put forward to use a quantum sub-system, usually denominated as bus, to mediate the fundamental universal gates. It can be realized, for instance, by the phononic mode of cold ions, in the famous ion-trap quantum computer [2] , or by the magnetic degrees of freedom of a quantum spin chain (see [3] and references therein). A considerable body of work has been devoted to chains of spins experiencing nearest-neighbor interactions, since they can be used as models for universal quantum computation, meeting the aforementioned requirements [4] . Spin chains have been shown to be extremely versatile; for instance, they allow the reliable transfer of the state of a single qubit [5] , and their groundstates are able to mediate an effective long-distance interaction ultimately entangling distant spin probes -the so-called long-distance entanglement (LDE) [6, 7] .
Promising advances in the engineering of atomic structures and optical lattices, where finite spin systems are effectively realized in the laboratory, encourage the consideration of more general possibilities. We consider antiferromagnetic (AF) spin systems, ranging from 1D chains to square lattices, and demonstrate the opening of robust gaps via local interactions with two additional spin-1/2 particles. Robust gaps implies negligible thermal occupation of excited bus states in the entire range of temperatures in which the probes are entangled; this allows for QI capabilities (e.g. LDE) at higher temperatures than previously considered possible.
Models of spins -We start by making precise the notion of "robust gap"; by this we mean that the bus plus probes system has a low energy manifold isomorphic to the probe space, well separated in energy from the remaining energy spectrum (see Figures 1 and 2 ). Should this be so, and for the case of rotational invariant cou- plings, symmetry alone allows for an analytical description of the temperature dependence of the entanglement between probes. Surprisingly, we found that in all the systems we studied by means of Quantum Monte Carlo (QMC) simulations, entanglement follows this description very accurately. This shows that, even in systems where the bus has a very small gap (approaching zero in the thermodynamic limit), the actual coupling to the probes can ensure the emergence of a robust gap, an ideal situation for quantum computation.
We consider two qubit probes that interact locally with a generic finite spin lattice (the bus). Setting = 1, the Hamiltonian of the full system (bus + probes) reads,
where H bus is the Hamiltonian of the bus, αJ is the coupling strength between the probe qubits and the lattice, and J a characteristic energy scale of the bus. Eq. (1) describes an isotropic interaction between the probeswith Pauli operators, τ A(B) -and the bus spins at specific lattice sites ( S A(B) ; A, B ∈ L). We speak about LDE at temperature k B T = 1/β, whenever the partial state of the probes is entangled for distances of the order of the system size, d AB ∼ O(L). Genuine quantum correlations among qubits living in the bulk system usually decay rapidly [8] , and, only recently, one-dimensional Figure 2 : Schematic of the opening of a robust gap (∆(α) ≫ kBT ) by two spin-1/2 probes that couple locally to the manybody system (bus) with arbitrary strength αJ. This is observed in all the AF lattices considered in this article. If the singlet is localized near the additional probes, they will be highly entangled even at large distances -the so-called LDE. The singlet has a protection gap (triplet-singlet energy separation, J ) which is enhanced with the dimensionality of the bus.
spin systems were found to support robust LDE [6, 7] , as opposed to gapless bosonic systems [9] . We focus on SU (2) symmetric Heisenberg interactions, which not only allow universal quantum computation [3] , but are also commonly realized in nature (e.g. in the parent compounds of copper-oxide high-temperature superconductors, such as the undoped insulator La 2 CuO 4 [10] ; in electronically coupled quasi-1D chains such as CuGeO 3 [11] ; in the Mott insulating one-dimensional perovskite, KCuF 3 [12] ; in linear chains of ∼ 10 manganese atoms in engineered structures [13] ).
The partial state ρ ab is completely fixed by symmetry and depends on a single physical parameter driving the bus capacity to entangle the probes,
The effective coupling changes with temperature, J ab = J ab (β), since tracing out the degrees of freedom in L introduces mixedness. A QMC calculation of the correlation between probes allows easy extraction of J ab (β). As it stands, Eq. (2) would mark no real advance, if not for the fact that symmetry allows a complete specification of the temperature dependence of the effective coupling J ab = J ab (β), provided the condition of a robust gap is verified; J ab can be expressed as function of three temperature independent parameters (J , Φ and η) in the entire parameter region where the probe entanglement is not too small:
The canonical coupling J is the gap between the lowest singlet and triplet (the protection gap), and sets the temperature scale for the disappearance of entanglement. The canonical corrections, Φ and η, determine the amount of entanglement at zero temperature (see Appendix). Although these parameters cannot be analytically computed in general, they are well-approximated by their values in perturbation theory for α sufficiently small. For weak coupling, it turns out that η ≪ Φ, since the first non-zero contribution to η is of order α 4 , whereas Φ ∼ O(α 2 ). The formula (3) is exact and will be valid whenever the bus-probe system has a robust gap.
Numerical results: Effective interaction enhancement in 2D -We now present the main results from the QMC simulations on a family of AF lattices and compare the results with our theoretical prediction [Eq. (3)]. Our systems consist of 2-dimensional (2D) finite lattice L, with N = l × n c spins-1/2 and two extra probes, where l is the number of longitudinal sites and n c stands for the number of coupled chains, varying from n c = 1 to n c = l. The Hamiltonian of the lattice is H 0 = J i,j S i · S j , with J > 0. The qubit probes interact with the spins at the boundary of the most central chain (see Fig. 1 ) through an isotropic interaction [Eq. (1)]. We expect a significant change in the LDE from the common one-dimensional scenario [6] , as the physics of a 2D bus is very distinct. In particular, the 2-leg ladder chain has an Haldane gap which should play against a large J ab since very massive excitations, ∆ ≃ 0.504J, make the correlations die particularly fast [14] .
We briefly present the results for small probe-bulk coupling, α = 0.05, before venturing away from perturbation theory. The results of Fig. 3 and Fig. 4 show a clear enhancement of the ability of the antiferromagnet to generate long-range effective interactions among distant probes as one reaches the square-lattice. Also, a wiggly behavior up to n c = 4 is evident (the large Haldane gap for n c = 2 and 4 implies a fast decay of correlations within the bulk spins leading to a negligible effective coupling). Fig. 3 shows a curious transition for n c > 4: the increase of the protection gap J (and also J ab ) becomes smooth and the Haldane finite-size gap, very strong for n c = {2, 4}, gets suppressed -the 2D physics is reached monotonously as the bus gap disappears.
We expect the ground state of 2D antiferromagnets to reduce substantially the LDE due to the symmetry breaking at T = 0, for large lattices; the finite staggered magnetization should reduce the amount of genuine quantum correlations shared by the probes. This is borne out by the results of the QMC simulations, shown in Fig. 4 , where J ab is found to decrease at low temperatures, when the number of chains increase. Nevertheless, at higher temperatures, the opposite occurs, J ab increases with n c ; this reflects the increase of the protection gap, J . Having shown the QMC results for 20 spin lattices, we now compare them with Eq. (3) for several temperatures: Fig. 4 shows a perfect fit to the QMC data. For sake of clarity, we have presented the agreement just for 4 lattices although all them show the same degree of accuracy. The observed linear dependence of J ab with the temperature for T → 0 is easily understood: a zero temperature (finite) entanglement below the maximum value of 1 requires J ab /T → constant (see Fig.  5 ). This constant can be derived from Eq. a slightly increase otherwise,
).
(4) Figures 3 and 4 deal with relatively small probe-bus coupling, but the results presented so far are more general. For instance, choosing a sufficiently large α to strongly suppress the zero temperature entanglement, due to partial frustration among the neighborhood of the bulk spins connected with the probes, we again find an excellent agreement with Eq. (3); the measured concurrence is perfectly fitted with an expression derived from Eq. (3) (see Fig. 5 ). This clearly shows that in all our measured systems, the condition of a robust gap is verified. This is surprising, particularly in the case of the (finite) square lattice, which has a gap much smaller than αJ; one would not expect, in this situation, the appearance of a well protected singlet. The emergence of the robust gap has to be attributed to the coupling of the probes: the lowest singlet and triplet are pulled down from the rest of the spectrum, allowing a complete description of entanglement only in terms of these two energy levels. On the other hand, whereas this stronger coupling to the bus reduces the zero temperature entanglement, it also allows a larger split between the singlet and triplet, leading to entangled probes at much higher
